The temperature dependences of the energy and structure of the symmetric tilt boundary of bcc and fcc iron were investigated by molecular dynamics simulation. A large energy cusp was observed at the bcc(112)͗110͘S3 and fcc(111)͗110͘S3 grain boundary plane, which is a twin boundary, whereas it was not observed at the bcc(111)͗110͘S3 plane in spite of it having the lowest S-value. The grain boundary energy increased at the temperature close to the melting point except for the grain boundary planes that have a large energy cusp. On the other hand, it was newly founded that the grain boundary energies at the bcc(112)͗110͘S3 and fcc(111)͗110͘S3 did not increased despite such a high temperature. The increase in grain boundary energy was due to the premelting, which is a localized disorder of the atoms near the grain boundary energy. It was confirmed that the grain boundary energy is affected by the matching at the interface rather than the periodicity described by the S-value.
Introduction
Molecular dynamics (MD) studies have contributed to the interpretation of the atomic behavior of interfaces such as surfaces, solid-liquid interfaces, and grain boundaries 1) since it is still difficult to trace the motion of atoms directly by experiment. For example, Phillpot et al. 2) demonstrated the melting of silicon by MD calculation and revealed the existence of two types of melting: thermodynamic melting, which is a heterogeneous process starting from a surface or grain boundary, and mechanical melting, which is a homogeneous process caused by elastic instability independent of temperature.
3) Broughton and Gilmer 4) and Davidchack and Laird 5) investigated a cleaving method for determining excess free energy at the solid-liquid interface. In addition, a capillary fluctuation method [6] [7] [8] was developed for the calculation of the solid-liquid interfacial energy, which was based on the capillary fluctuation spectrum of a rough interface resulting in interface stiffness. Keblinski et al. 9, 10) investigated the energy and amorphous structure of the grain boundary of silicon by MD calculation and discussed the thermodynamic criterion for the stability. 9) Wolf 11) and Nakashima and Takeuchi 12) investigated the correlation between the energy and the structure of the symmetric tilt boundary of Mo 11) and bcc-Fe 11, 12) and reported that energy cusps were observed at a specific tilt angle. Nagano and Enomoto 13) calculated the interfacial energy between a and g iron, and showed that energy cusps existed at specific orientations such as the Kurdjumov-Sachs (K-S) and Nishiyama-Wassermann (N-W) orientations. We have investigated the fcc-bcc phase transition kinetics of iron and have shown that there are two types of propagation of the fcc-bcc heterointerface: planar propagation and needlelike propagation. 14) In addition to the above studies, there have been many studies on the structures and energies of grain boundaries. [15] [16] [17] [18] One of the remaining problems regarding the MD study of the grain boundary is how to treat the effect of temperature on the grain boundary energy. The grain boundary does not always maintain its ideal structure when it is at a relatively high temperature due to disorder. For example, premelting occurs at the interface when the temperature is close to the melting point. 9, 10) However, it is not straightforward to examine the effect of premelting on the grain boundary energy since most calculations of the grain boundary have been based on the energy calculation of the static structure 11, 12, 15) ignoring the entropic term. On the other hand, MD calculation is a powerful tool for examining the effect of premelting since it can trace the motion of atoms directly. However, it is also difficult to consider the entropic term in the MD simulation. Although a method of ab initio calculation including the thermodynamic effect has been developed, 19) it is not suitable for extensive and combinatorial study due to the computational limit.
In this study, the grain boundary energy of the symmetric tilt boundary was investigated on the basis of the difference in potential energy between the crystal with and without a symmetric tilt boundary obtained by MD simulation at various temperatures. Although it is not clear how the entropic effect was included in MD simulation, we employed MD simulation since the effect of premelting on the grain boundary energy can be estimated straightforwardly. The estimated grain boundary energy was compared with the results in previous studies based on energy calculations of the static structure to validate our method and results. Moreover, the trajectory of atoms near the grain boundary of a specific orientation was examined to consider the effect of premelting in detail.
Simulation Methodology

Molecular Dynamics Method
A classical MD method was used to study the temperature dependence of the energy and structure of the symmetric tilt boundary of iron. A Finnis-Sinclair (FS) potential 20, 21) was used to describe an iron-iron bond. The total energy of the FS potential, E is expressed as follows: where V is the repulsive term, r is the total electronic charge density at site i, which is constructed by a rigid superposition of atomic charge density f, A is the binding energy, c 0 , c 1 , and c 2 are free parameters used for fitting experimental data, c and d are the cutoff parameters assumed to lie between the second-nearest and third-nearest-neighbor atoms, b is a parameter used to introduce a maximum value of f within the first-nearest-neighbor distance. Parameters for the iron-iron bond are listed in Table 1 . The FS potential is one of the most commonly used interatomic potentials for bcc atoms since it can reproduce the material properties despite its simple form and short cutoff distance. The cohesive energies per atom in the bcc and fcc phases are Ϫ4.28 (lattice constant, aϭ2.8665 Å) and Ϫ4.23 eV atom Ϫ1 (aϭ3.6938 Å), respectively. The cohesive energy per atom in the bcc phase is lower than that in the fcc phase, independent of the temperature. Hence, it is difficult to reproduce the reversible phase transformation between the bcc and fcc phases. Generally, the phase transformation is not observed in the homogeneous system (bcc or fcc single crystal) in calculations using the FS potential. That is, the structure of the bcc or fcc crystal is maintained until it melts when it is heated. Hence, phase transformations were not dealt with in this study. Here, the grain boundary energy of the symmetric tilt boundary in both the bcc and fcc phases was calculated systematically, although an unrealistic temperature range was included in the calculation.
A leapfrog method was used to integrate the classical equation of motion with a time step of 2.0 fs. A Berendsen thermostat 22) was used to control the temperature with a relaxation time of 2.0 fs. The Andersen method 23) was used to control the pressure. The pressure in each direction (x, y and z) was independently controlled using a piston with a mass of 1.0ϫ10 Ϫ5 kg.
Definition of Symmetric Tilt Boundary
A symmetric tilt boundary is generated by rotating two single crystals with respect to a tilt axis, ͗abc͘, and connecting the two crystals with a grain boundary plane with the Miller index (hkl). Hence, the tilt angle q was defined as twice the rotation angle j. (7) since the tilt angle and grain boundary plane must be parallel during rotation. Figure 1 shows an example of the structure of the symmetric tilt boundary in the bcc phase defined by rotating the two crystals 26.565°with respect to the ͗100͘ tilt axis and connecting them with the plane (210). The tilt angle is 53.13°.
The symmetric tilt boundary is classified using the Svalue, which is defined as the inverse of the coincident site density on the basis of coincident site lattice (CSL) theory. 24, 25) A high S-value indicates long-range periodicity at the boundary. In this study, rectangular cells under the periodic condition are used in the MD calculation. Hence, the calculation cell is prepared such that it is an integral multiple of the size of the unit cell defined by CSL theory. The tilt angle, the Miller index of the grain boundary plane, the S-value, the size of the calculation cell for the single crystal and number of atoms in the cell are listed in Table 2 (bcc phase) and Table 3 (fcc phase).
Results and Discussion
Normalization Temperature in the Simulation
In this study, the temperature was normalized by the melting point of the bcc phase of an FS potential, 2 400 K, since the melting point is sensitive to the potential parameter. First of all, the melting point of an FS potential was estimated from the convergent temperature of the solid-liquid biphasic system without temperature control as follows. A bcc crystal consisting of 20 250 iron atoms in a periodic cell of 46.5ϫ139.5ϫ46.5 Å was relaxed with the NVT ensemble for 100 ps at 1 000 and 3 000 K to obtain solid and liquid structures, respectively. The obtained structures were connected with the interface orientation of (100) as the initial position in the main calculation as shown in Fig. 2(a) . Then, it was relaxed with the NPT ensemble for 50 ps at temperatures ranging from 2 200 to 2 600 K at 50 K intervals. Temperature control was stopped for the subsequent 950 ps, that is, the NPH ensemble was employed. The pressure was maintained at 0 Pa in all the processes. When the initial temperature was lower than the melting point, the solid-liquid interface shifted to the liquid area, indicating solidification. The release of latent heat during solidification increased the system temperature up to the melting point. On the other hand, melting was observed for higher initial temperatures, and the system temperature decreased since the system absorbed latent heat during the melting process. The system temperature converged to 2 400Ϯ10 K after 1 000 ps, as shown in Fig. 2 (8) where T N is the normalized temperature and T is the absolute temperature. It is well known that iron changes its structure with increasing temperature from the bcc phase (a) to the fcc phase (g) at 1 184 K (A 3 point) and from the fcc phase to the bcc phase (d) at 1 665 K (A 4 point). However, phase transformations were not dealt with in this study as described above. The values of A 3 and A 4 normalized by the melting point obtained from experiments are 0.654 and 0.920, respectively.
Grain Boundary Energies of the Symmetric Tilt Boundaries
The grain boundary energy was defined from the difference between the energy of a system with a symmetric tilt boundary consisting of two single crystals and the total energy of the separate constituent crystals as follows: (9) where s GB is the grain boundary energy, E GB is the potential energy of the system with a symmetric tilt boundary, E 1 and E 2 are the potential energies of the constituent single crystals and A is the area of the symmetric tilt boundary. The energy difference is divided by 2A since the connected system has two grain boundaries due to the periodic boundary condition. Figure 3 shows a flow chart of the derivation of the grain boundary energy by the MD method. First, two periodic cells consisting of a single crystal were prepared, which were relaxed with the NPT ensemble at various controlled temperatures for 1 000 ps while pressure was maintained at 0 Pa. E 1 and E 2 are obtained from the time average of the total potential energy between 900 and 1 000 ps. The sizes of the two cells differ by less than 1.0 % after the NPT ensemble calculation since the two cells had mirror symmetry. Therefore, two systems were connected to form a symmetric tilt boundary without any correction. The combined system was relaxed with the NPT ensemble for another 1 000 ps at the same controlled temperature and pressure. The time average of the total potential energy between 900 and 1 000 ps was employed as E GB . The energy difference before and after connecting the two systems obtained using Eq. (9) was employed as the grain boundary energy. The grain boundary energies of the symmetric tilt boundaries on the planes perpendicular to the ͗100͘, ͗110͘, ͗111͘ and ͗112͘ tilt axes were examined for both the bcc and fcc phases. Figure 4 shows the grain boundary energy as a function of tilt angle at normalized temperatures, T N , of 0.208, 0.333 and 0.542 for the bcc phase. In the case of the ͗100͘ tilt axis, energy increased with increasing tilt angle and took a maximum value at a tilt angle of approximately 45°. Small energy cusps were observed at bcc(031)͗100͘S5 (qϭ36.87°) and bcc(021)͗100͘S5 (qϭ53.13°), which have the lowest S-values among the grain boundary planes defined by the ͗100͘ tilt axis. In the case of the ͗110͘ tilt axis, a deep energy cusp was observed at bcc(112)͗110͘S3 (qϭ109.47°) and small cusps were observed at bcc(221)͗110͘S9 (qϭ38.94°) and bcc(554)͗110͘S33 (qϭ 58.99°). However, no energy cusp was observed at bcc(111)͗110͘S3 (qϭ70.53°), which is another grain boundary plane of the lowest S-value defined by the ͗110͘ tilt axis. Hence, a grain boundary plane with a low S-value does not necessarily have a low grain boundary energy. The grain boundary energy may be determined by the matching at the interface rather than the periodicity described by the S-value. In the case of the ͗111͘ tilt axis, the energy increased with increasing tilt angle and took a maximum value at 32.20°. There are two small energy cusps at bcc(372)͗112͘S31 (qϭ52.20°) and bcc(152)͗112͘S15 (qϭ78.46°) for the ͗112͘ tilt axis. The grain boundary energies were not affected at the temperature considered, although the values deviated due to the sampling errors. The large energy cusp at bcc(112)͗110͘S3 was observed in previous studies based on the energy calculation of the static structure. 11, 12, 15) Hence, it was found that the grain boundary energy estimated from the difference in the potential energy was able to capture the nature of the grain boundary energy at various tilt angles. Figure 5 shows the grain boundary energy as a function of tilt angle at normalized temperatures, T N , of 0.208 and 0.333 for the fcc phase. In the case of the ͗100͘ tilt axis, energy increased with increasing tilt angle and took a maximum value at a tilt angle of approximately 45°. In the case of the ͗110͘ tilt axis, a deep energy cusp was observed at fcc(111)͗110͘S3 (qϭ70.53°), where the grain boundary energy was almost zero. A small cusp was observed at fcc(112)͗110͘S3 (qϭ109.47°) and a relatively large cusp was observed at fcc(113)͗110͘S11 (qϭ129.52°). Hence, a grain boundary plane with a low S-value does not necessarily have a low grain boundary energy. Rather, the grain boundary energy took an anomalous low value at the twin boundary of the fcc(111)͗110͘S3 (qϭ70.53°) plane. In the case of the ͗111͘ tilt axis, energy increased with increasing tilt angle and a small energy cusp was observed at fcc(572)͗111͘S13 (qϭ32.20°). There is a relatively large cusp at fcc(131)͗112͘S11 (qϭ62.96°) for the ͗112͘ tilt axis.
Comparison of the Grain Boundary Energy be-
tween the bcc and fcc Phase Here, the grain boundary energy of the symmetric tilt boundary in bcc and fcc iron is compared. Figure 6 shows the grain boundary energy of the symmetric tilt boundary of bcc and fcc iron at T N ϭ0.333 as a function of tilt angle with respect to the ͗100͘ and ͗110͘ axes. In the case of the ͗100͘ tilt axis, the trend of the energy was not different for the bcc and fcc systems, that is, the energy increased with increasing tilt angle and took a maximum value at a tilt angle of approximately 45°. On the other hand, the large and small cusps were observed at different tilt axes in the bcc and fcc systems with respect to the ͗110͘ axis. A large energy cusp was observed at the bcc(112)͗110͘S3 plane, which is a twin boundary of the bcc crystal, whereas it was observed at the fcc(111)͗110͘S3 plane, which is also a twin boundary of the fcc crystal. The grain boundary energy of the bcc(112)͗110͘S3 plane is about 0.6 Jm Ϫ2 whereas that of the fcc(111)͗110͘S3 plane is almost zero.
This difference is due to the atomic arrangement in the plane. That is, the fcc(111) plane has a closed packed face 26) and the twin boundary of the fcc(111)͗110͘S3 plane is caused by a stacking disorder such as ABCACBA shown in Fig. 7(a) , and the fcc crystal maintains its closed packed structure across the twin boundary. On the other hand, the bcc(112) plane does not have a closed packed face. The twin boundary of the bcc(112)͗110͘S3 plane consists of a stacking disorder of the nonclosed packed face with six layers and the ABCDEFAFEDCBA configuration 27, 28) as shown in Fig. 7(b) . Hence, the atomic density at the twin boundary is not the same as that of the bcc single crystal. 12) That is why the grain boundary energy at the (112)͗110͘S3 plane of the bcc crystal is not zero, although it has an anomalous low value compared with that of the mismatched grain boundary. Moreover, the fcc(113)͗110͘S11 plane consists of a stacking disorder with eleven layers as shown in Fig. 7(c) . The fcc(113)͗110͘S11 plane has widely spaced closed-packed rows of atoms. 29) This plane structure may cause the anomalous low value for the mismatched grain boundaries.
Premelting in the Symmetric Tilt Boundaries
The grain boundary energy has a large cusp only at bcc(112)͗110͘S3, although bcc(111)͗110͘S3 has the same S-value. Here, the temperature dependence of the energy and structure during the MD calculation was investigated in detail for the two S3 planes and bcc(221)͗110͘S9, which has a small energy cusp. The grain boundary energies for the three planes were calculated at temperatures ranging from 0.083 to 0.958. Figure 8(a) shows the grain boundary energies at the bcc(111)͗110͘S3, bcc(221)͗110͘S9 and bcc(112)͗110͘S3 planes as a function of temperature. In the case of bcc(111)͗110͘S3 and bcc(221)͗110͘S9 planes, the grain boundary energy increased at a temperature higher than 0.8, whereas it converged to approximately 1.5 Jm Ϫ2 between the normalized temperatures of 0.2 and 0.8. On the other hand, no increase in energy was observed in the case of bcc(112)͗110͘S3. When the temperature was increased to above 1.0, thermodynamic melting was observed at the bcc(111)͗110͘S3 and bcc(221)͗110͘S9 planes. On the other hand, the thermodynamic melting was not observed at the bcc(111)͗110͘S3 plane at the melting point, whereas homogeneous melting was observed at the temperature of 1.25. Figure 8(b) shows grain boundary energies at the fcc(111)͗110͘S3, fcc(113)͗110͘S11 and fcc(310)͗100͘S5 planes as a function of temperature. In the case of fcc(310)͗100͘S5, the grain boundary energy increased at a temperature higher than 0.7, whereas it converged to approximately 1.6 Jm Ϫ2 between the normalized temperatures of 0.083 and 0.6. On the other hand, the grain boundary energy of the fcc(113)͗110͘S11 plane converged to approximately 0.7 Jm Ϫ2 . Moreover, the grain boundary energy of the fcc(111)͗110͘S3 plane was almost zero and independent of the controlled temperature.
The difference in the temperature dependence described above is related to the dynamics of atoms near the grain boundary. Hence, the trajectories of the atoms near the grain boundary were analyzed. The trajectories of all atoms within 5 Å (for the bcc phase) and 10 Å (for the fcc phase) of the symmetric tilt boundary in the initial position were sampled. The trajectories were sampled by calculation with T N ϭ0.416 and 0.916 (for the bcc phase) and T N ϭ0.208 and 0.833 (for the fcc phase) between 500 and 1 000 ps at 10 ps intervals. Figure 9 (a) shows projection views of these trajectories onto the x-z plane. In the case of T N ϭ0.416, the trajectories remained near the initial position and maintained the structure of the symmetric tilt boundary for all planes considered. On the other hand, the trajectories of atoms near the bcc(111)͗110͘S3 and bcc(221)͗110͘S9 planes became disordered at a temperature close to the melting point (T N ϭ0.916), which is regarded as being in the premelting region. However, the trajectories of atoms near the bcc(112)͗110͘S3 plane fluctuated around the original bcc crystal and maintained the structure of the symmetric tilt boundary in spite of such a high temperature, and only a few atoms substituted at the other bcc-lattice positions. This difference is due to the structure of the boundary such as the existence or otherwise of a twin boundary. That is, the bcc(112)͗110͘S3 plane is a twin boundary, and bcc(111)͗110͘S3 and bcc(221)͗110͘S9 planes are a mismatched grain boundaries. As discussed in previous works, 2, 30) melting starts heterogeneously from interfaces such as the surface or grain boundary. Hence, it is reasonable to assume that only atoms near the mismatched grain boundary fluctuated markedly and that premelting was observed at a temperature close to the melting point. Disorder in the atomic structure causes an increase in potential energy resulting in an increase in grain boundary energy. It was found that the S-value is not a good index to describe premelting since it is an index representing the periodicity. Figure 9 (b) shows projection views of the trajectories of all atoms for the fcc phase. The sampling method was the same as that for the bcc phase. The trajectories were sampled at T N ϭ0.208 and 0.833. In the case of T N ϭ0.208, the trajectories remained near the initial position and maintained the structure of the symmetric tilt boundary for all three planes. On the other hand, the trajectory of atoms near the fcc(310)͗100͘S5 planes became disordered at a temperature close to the melting point (T N ϭ0.833). However, the trajectories of atoms near the fcc(111)͗110͘S3 and fcc(113)͗110͘S11 planes fluctuated around the original fcc crystal and maintained the structure of the symmetric tilt boundary in spite of such a high temperature.
The degree of disorder of each atom was quantified using the standard deviation of the positions of atoms from the time-average positions during the relaxation process:
.... (10) where S is the standard deviation, s 2 is the variance, n is the number of samples, r t is the position of an atom and ͗r͘ is the time average of the position of the atom during the sampling time. Here, all atoms within 30 Å of the symmetric tilt boundary of the bcc(111)͗110͘S3, bcc(221)͗110͘S9 and bcc(112)͗110͘S3 planes were counted. Data were sampled from the calculation with T N ϭ0.916 during 500 and 1 000 ps at 10 ps intervals. 
Effect of Twisting on the Grain Boundary Energy
The anomalous decrease in grain boundary energy at the bcc(112)͗110͘S3, fcc(111)͗110͘S3 and fcc(113)͗110͘S11 planes is due to the structure of the twin boundary, which differs from other planes exhibiting mismatched grain boundaries. Another mismatched grain boundary can be defined by twisting the bcc(112)͗110͘S3 twin boundary with respect to the normal ͗112͘ axis as shown in Fig. 11(a) . Here, the grain boundary energy of the twist boundary and its temperature dependence were examined. A pure twist boundary was prepared by twisting the symmetric tilt boundary, bcc(112)͗110͘S3, with respect to the ͗112͘ axis with a twist angle ranging from 0 to 180°. The boundaries with twist angles of 0 and 180°correspond to the twin boundary and the single crystal, respectively. All other twist boundaries are mismatched grain boundaries. Figure 11(b) shows the obtained structure for a twist angle of 15.49°. Then, the system with the twist boundary was relaxed for another 1 000 ps at various controlled temperatures. The time average of the total potential energy between 900 and 1 000 ps was employed as E GB . Grain boundary energy was given by Eq. (9), as in the previous calculation. Figure  11 (c) shows the grain boundary energy at T N ϭ0.541 as a function of the twisting angle. The grain boundary energy of the pure twist boundary increased to 1.35-1.6 Jm Ϫ2 , which is of the same range as the energy of the mismatched grain boundary at the same temperature as shown in Fig. 4 . Figure 12(a) shows the temperature dependence of the grain boundary energy at bcc(112)͗110͘S3 with twisting angles of 0°(twin boundary) and 78.46°(pure twist boundary). In the case of the pure twist boundary, the grain boundary energy increased at a temperature close to the melting point, as in the case of the mismatched grain boundary. The grain boundary energy of the pure twin boundary reached 2.67 Jm Ϫ2 at T N ϭ0.916, although that of the mismatched grain boundary of bcc (111) 12(b), was estimated in the same way as above. The figure shows that the atoms near the pure twist boundary became more severely disordered than those near the symmetric tilt boundary with a mismatched plane, as shown in Fig. 10 . However, the half width of the standard deviation in the xdirection for these boundaries was about the same (20 Å) . This shows that the premelting region was not different for the pure twist boundary and the symmetric tilt boundary at the same temperature.
Conclusions
The temperature dependences of the energy and structure of the symmetric tilt boundary of bcc and fcc iron were investigated by MD simulation. First, the grain boundary energies of the symmetric tilt boundaries on the planes perpendicular to the ͗100͘, ͗110͘, ͗111͘ and ͗112͘ tilt axes were calculated for both the bcc and fcc phases. A large energy cusp was observed at the bcc(112)͗110͘S3 and fcc(111)͗110͘S3 grain boundary plane, which is a twin boundary, whereas it was not shown at the bcc(111)͗110͘S3 plane in spite of it having the lowest S-value. These trends were in accordance with a previous report based on the energy calculation of the static structure. Hence, the grain boundary energy estimated from the difference in the potential energy was able to capture the nature of the grain boundary energy at various tilt angles.
The grain boundary energy increased at a temperature close to the melting point except for at the grain boundary planes that have a large energy cusp. On the other hand, it was newly founded that the grain boundary energies at the bcc(112)͗110͘S3 and fcc(111)͗110͘S3 did not increased despite such a high temperature. The increase in grain boundary energy was due to the premelting, which is a localized disorder of the atoms near the grain boundary energy. It was confirmed that the grain boundary energy is affected by the matching at the interface rather than the periodicity described by the S-value. Moreover, the energy of a pure twist boundary was investigated by twisting the bcc(112)͗110͘S3 plane. The grain boundary energy increased by twisting the twin boundary due to a mismatch effect.
